Problems of the definition of vanadium chemical states in the mixed valency compounds are examined. The statistical analysis of the literature data on the values of binding energy and full width at half maximum (FWHM) of V 2p 3/2 peaks in different vanadium oxides is carried out.
Introduction
The identification of mixed valence metal species in solid oxides is not a trivial task. In fact, chemical analytical methods often fail owing to the relative instability of the various oxidation states of metals in common dissolution media.
Even when they are applicable, long and multi-step procedures have to be scheduled. Moreover, only the bulk concentration of the various species may be extracted, while the investigation of surface chemistry of these compounds is usually required and the surface electronic structure of oxide is also of interest in its own right.
X-ray photoemission spectroscopy (XPS) is a very useful technique for determining such important parameters as the chemical state of different metal species and their relative concentration [1] . By using XPS analysis, species of elements at the surface are identified from XPS spectra, and the oxidation states of the elements are determined from the chemical shift (CS) defined as the binding energy (BE) difference CS ij = BE i − BE j of the electron concerned (i and j denote the different valence states). The accurate BE has to be measured in order to determine the chemical state from the CS. Quantitative information on the relative surface amount of element species then may be obtained from the relative areas of the peaks corresponding to the single components of the envelope spectra. This may be easily done, if the individual peaks are well resolved, i. e. FWHM intensity of the peak is less than the CS for the corresponding species.
XPS study of integer valence vanadium oxides
Vanadium oxides have been intensively studied lately, and the relatively full collection of V 2p 3/2 line BE and FWHM data for the main valence oxides (V 2 O 5 , VO 2 , and V 2 O 3 ) may be obtained from the literature analysis.
Unfortunately, the BE values for the various valence vanadium oxides are in a relatively low energy range of about 515.5-517.5 eV [2] , while FWHM of the corresponding peaks varies from 1.2 eV (V 2 O 5 [3] ) to 3.0 eV (NaV 2 O 5 [4] ). Moreover, the CS of V 2p peaks for V 3+ and V 4+ ions from the main valence V 5+ is lower than the FWHM of corresponding peaks [5] and the resulting spectra cannot be straightforwardly separated into individual components.
The attempts to fit the V 2p 3/2 peak (well resolved from the V 2p 1/2 counterpart) in mixed valence vanadium compounds were done with an initially estimated BE separation and the FWHM corresponding to the literature data [6] or directly obtained from the analysis of reference samples XPS spectra [7] . It should be noted, however, that a comparison between BE and FWHM data, presented in literature for V 2 O 3 , VO 2 , and V 2 O 5 , shows large discrepancies that may be associated either with the equipment calibration or with inaccuracy in the correction for sample charging. Thus, the quantitative estimation of vanadium oxidation states is quite complicated, and the suitable standards for the calibration of BE and FWHM values for V 5+ , V 4+ , and V 3+ species in oxides are required. The discrepancies of the reference samples' surface composition from the bulk one may also have influence on the measured values of BE and FWHM. Thus, a statistical review of the data presented in literature is desirable.
Literature analysis
The analysis of literature data on BE and FWHM values of the V 2p 3/2 line for the main valence oxides (V 2 O 5 , VO 2 , and V 2 O 3 ) is presented in Table 1 . The statistical methods then may be applied to obtain the mean values of BE for the corresponding valence vanadium species and to estimate the inaccuracy of the data presented in literature.
The probability that a reported in literature value of parameter X (X is BE i or CS ij ) within X ± dX interval is given by 2f X ∆X, where f X is the distribution function. The data listed in Table 1 were used to construct the approximate distribution function f X defined as
where ∆N is the number of references in Table 1 for which X is within X − ∆X < X ≤ X + ∆X interval (we use ∆X = 0.2 eV for the convolution of the literature data) and N t is the total number of corresponding references. Figure 1 presents the BE distribution function f BE for the main valence vanadium oxides. Three fairly well resolved peaks might be seen in Fig. 1 , indicating that three different data sets (corresponding to V 2 O 5 , [21] 2.0 [22] 517.3 [28] 517.4 [20, [29] [30] [31] 517.45 [19] 517.6 [13] 517.65 [32] 517.7 [32] [33] [34] VO 2 , and V 2 O 3 reference samples) are involved in the distribution function. Further analysis was done assuming that the reference data for individual oxides are distributed according to the Gaussian law:
where X m is an average value of X and W X is the standard deviation of X.
The analysis of f BE spectrum ( Fig. 1 ) has been performed by using a curve-fitting procedure in order to distinguish vanadium species in different oxidation states and to obtain the corresponding values of BE m and W BE .
It is clear from Fig. 1 that V 2p 3/2 line BE distribution function may be deconvoluted into three Gaussian peaks centred at 517.3, 516.5, and 515.6 eV with the statistical deviation W BE = 0.25 eV. These peaks may be attributed to V 5+ , V 4+ , and V 3+ species in V 2 O 5 , VO 2 , and V 2 O 3 oxides respectively. Therefore, it may be concluded that the use of the data reported in literature for the main valence vanadium oxides permits separation of vanadium species in different oxidation states. On the other hand, the statistical error δ BE of BE determination obtained from the literature analysis (δ BE = W BE = 0.25 eV and δ BE = 2W BE = 0.5 eV for the 70% and 95% probability levels respectively) may be compared with the estimated values of CS for the adjacent valence vanadium oxides (CS 34 = −0.9 eV and CS 54 = 0.8 eV). Thus, the accuracy in CS determination from BE analysis (δ CS = 2W BE = 0.5 eV and δ CS = 4W BE = 1.0 eV for the 70% and 95% probability levels respectively) is insufficient to use these data for the accurate deconvolution of the multicomponent V 2p 3/2 XPS peak envelope. It should be noted that the error in the V 2p 3/2 line position determination in vanadium oxides may be compared with the uncertainty (of about 0.3 eV) of presented in the literature BE values for the main peaks of Cu, Ag, and Au, normally used for the equipment calibration [1] . The wide use of C 1s level, associated with adventitious carbon as an energy reference in XPS studies, may also contribute to the scattering of the BE values in vanadium oxides [8, 35] . On the basis of this background, only the BE data obtained by means of the same equipment employed under the same conditions were used for further statistical analysis of CS in order to minimize the uncertainty related with the equipment calibration and the charge correction procedure. In spite of the relatively low statistics (N t = 8 for V 2 O 3 -VO 2 and N t = 13 for V 2 O 5 -VO 2 reference oxides), the CS analysis is still useful, since not the absolute values but only the BE difference in various valence vanadium oxides with a similar structure and measured at the same conditions is considered. The results of statistical analysis are presented in Fig. 2 . It is evident that either CS 45 and CS 43 may be approximated by the individual Gaussian distribution (X in (2) denote CS) with the centres located at −0.4 and 1.0 eV for CS 34 and CS 54 , respectively. These values are in good agreement with the previously obtained results (Fig. 2) . However, the uncertainty in the CS determination is relatively high, indicating that the main error in BE determination may be attributed to the inaccuracy of the charge correction procedure and to the deviation of the surface composition from the bulk one, rather than to the equipment calibration.
From the literature analysis it may be concluded that:
-the XPS technique permits separation of vanadium species in the adjacent oxidation states; -the accuracy of BE determination is insufficient for precise deconvolution of the XPS spectra of mixed valence vanadium oxides into individual components; -the XPS data for the reference samples of vanadium oxides must be interpreted carefully, when they are used for the analysis of mixed valence vanadium compounds.
Moreover, the parameters deduced from the XPS analysis of reference samples may be used only as a rough approximation for those of mixed valence compounds because:
-CS ij in mixed valence vanadium oxides depends not only on the vanadium ion charge V +i and V +j , but also on the value of crystal field long-range potential [1] . The last correction may be of the same order of magnitude as the first one; -in the compounds of transition metal oxides, the FWHM depends on the degree of population of the narrow d-band [5] , thus the V 2p 3/2 line width of V 4+ species may differ significantly in VO 2 crystals and in V 2 O 5 -based xerogels containing V 4+ ions [5, 3] .
The aim of work
The aim of this work was to determine the chemical shift and FWHM of admixture V 4+ ions in the V 2 O 5based compounds. It seems that a better way is to compare the samples with the same host matrix, but with different concentrations of reduced valence vanadium ions. In this case, the crystal field is the same for various valence ions, and only the vanadium ions charge affects the CS. The best materials, in our opinion, are the vanadium pentoxide-based hydrated compounds allowing easy intercalation of alkali metal and substitution of vanadium by other transition metals [36, 37] . This may be done in two different ways:
(1) by a partial substitution of vanadium in V 2 O 5based compounds with the transition metal ions of higher or lower valence [38] [39] [40] or by using alkali metals (Na, K, Rb, Cs) [41, 42] or vanadyl (VO) 2+
intercalates [43] . In the last case the additional increase of the reduction ratio RR = C 4 /(C 4 + C 5 ) (C i is the atomic concentration of the i-valence ion) may be roughly estimated from the nominal chemical formulae, assuming that RR is the same for the basic V 2 O 5 layers and additional V 4+ ions from (VO) 2+ species; (2) by varying the concentration of V 4+ ions by some external treatment (thermal [44] , UV irradiation [45] , ion or electron bombardment [39, 46] ) and comparing photoelectron spectra before and after the treatment. The advantage of this technique is that the same sample is used to study the comparison spectra; therefore the structure-related effects may be neglected.
In the present paper we tried to apply these approaches in order to determine the parameters of the V 2p 3/2 line in V 2 O 5 -based xerogels. First of all, the reference V 2 O 5 and VO 2 powder oxides were used to determine the CS 54 and FWHM in pure oxides. The thin films of H 2 V 12 O 31 ·nH 2 O and (VO)V 12 O 31 ·nH 2 O xerogels were used for comparison of the materials with a similar structure. Finally, a thin film of (VO)V 12 O 31 ·nH 2 O xerogel before and after the heat treatment was used to separate the additional influence of V 4+ ions on photoelectron spectra.
Experimental
A polyvanadic acid H 2 V 12 O 31 ·nH 2 O was produced by using the sol-gel technology. The vanadium pentoxide powder was dissolved in hydrogen peroxide at 270 K, because this reaction is exothermic. Then the solution was heated at 350 K for one hour for the dissociation of the peroxide complexes of vanadium [47] .
(VO)V 12 O 31 ·nH 2 O samples were prepared from H 2 V 12 O 31 ·nH 2 O by using an ionic exchange method. Polyvanadic acid (0.5 g) was placed in a solution of the vanadyl sulfate VOSO 4 ·3H 2 O (1 M, 100 mg) and maintained at constant hashing up to balance during 5 days. Then a deposit was filtered, washed out with water, and dried in air at 330 K [48] .
The chemical composition of obtained gels was analysed by IR spectroscopy, chemical, and gravimetrical analysis methods, which showed that the investigated compounds can be described by the formulae HV 12 O 31 ·nH 2 O and (VO)V 12 O 31 ·nH 2 O (more details of the composition determination are described in [49] ). The obtained gels were deposited on the Ni substrates and annealed in air at 330 K. The XPS experiments were carried out in an Escalab MkII (VG Scientific) spectrometer, equipped with an Al K α (1486.6 eV) excitation source, a fivechanneltron detection system, and a hemispherical analyzer, which was set to 20 eV pass energy. The binding energy scale was corrected for the charging effect by assigning a value of 284.6 eV to the C 1s peak. Photoemission data have been collected and processed by using a VGX-900 data system. After Shirley background subtraction, a nonlinear least square curve-fitting routine has been used for the analysis of XPS spectra. Figure 3 presents the original XPS core-level spectra of the V 2p and O 1s region for all treated samples. All the spectra have been corrected by removal of X-ray source satellites.
Results and discussion
The results and discussion are split into three corresponding regions: core lines of V 2p 3/2 , V 2p 1/2 , and O 1s.
The preliminary information may be obtained directly from the visual view of the presented spectra. First of all, note, that the spectral lines of the corresponding regions overlap, hence the attempt to analyse each region independently may cause a significant error in the estimations of the areas of related peaks. So, it is necessary to study the whole V 2p and O 1s region in order to obtain reliable results. On the other hand, V 2p 3/2 and O 1s lines are considerably separated in BE scale and the main particularities of corresponding peaks may be revealed by applying the usual methods of the spectra analysis [1] . It is clear that O 1s line exhibit a complex structure, indicating that various oxide species are present in the samples. At least three peaks should be introduced to simulate the shape of this line for the studied samples. According to [50] , this line may be decomposed into three well-distinguished components: the basic 'oxide' peak, corresponding to vanadium oxide lattice matrix (BE ≈ 530 eV), and two additional peaks arising from H 2 O (BE ≈ 533 eV) and hydrogen or carbon-bonded oxygen 'hydro' species (BE ≈ 532 eV) (see Table 2 ).
Considering the vanadium lines, it may be stated that V 2p 3/2 is actually symmetric for V 2 O 5 and V 2 O 4 samples, while the obvious widening at the lower BE shoulder of this spectra may be seen on going from the sample of H 2 V 12 O 31 ·nH 2 O to (VO)V 12 O 31 ·nH 2 O "as received" and to (VO)V 12 O 31 ·nH 2 O annealed at 510 K.
This dependence becomes more evident in the plots of the second derivative (see Fig. 4 ). For the H 2 V 12 O 31 ·nH 2 O sample, the derivation spectrum is actually symmetric, indicating that V 5+ (BE ≈ 517.2 eV) ions dominate in this xerogel. The evident shoulder is, however, seen at BE ≈ 515.8 eV for the (VO)V 12 O 31 ·nH 2 O "as received" and "after baking" samples. The appearance of this feature may be attributed to the significant increase of V 4+ ions in xerogels after the substitution of (H 2 ) 2+ ions by (VO) 2+ and the following annealing.
The spectra comparison technique was used for further examination of the core-level states of V 4+ ions. (a) (b) Fig. 5 . The comparison and the difference spectra for V 2p 3/2 line in V2O5-based xerogels: a for H2V12O31·nH2O, b for (VO)V12O31·nH2O "as received", c for (VO)V12O31·nH2O "after annealing" at 510 K; α = b−a·0.93; β = c−b·0.85. Figure 5 presents the comparison and the difference spectra for H The optimal weighting procedure was used to extract the low intensity V 4+ 2p 3/2 peak from the high background of the main peak of V 5+ 2p 3/2 [1] .
It is clear from Fig. 5(a, b) that the replacement of (H 2 ) 2+ by (VO) 2+ ions, like the annealing of (VO)V 12 O 31 ·nH 2 O sample, leads to the appearance of an additional peak shifted by 1.1-1.2 eV to the lower energy side. This peak may be attributed to V 4+ species and the CS of about 1.2 eV may be expected for V 4+ ions in V 2 O 5 -based xerogels that is in a good agreement with a value estimated from the second derivative plots (Fig. 4 ). Note that this value also agrees with an average CS = 1.1 eV, obtained from the literature analysis.
There are no problems related with the presence of the mixed valence vanadium species in the reference powders of V 2 O 5 and V 2 O 4 , where the corresponding peak positions and FWHM of V 2p and O 1s lines can be obtained without any trouble. The peak fitting parameters are given in Tables 2 and 3 . The obtained results are in a good agreement with the values reported in Ref. [5] .
It should be mentioned that the doublet splitting of V 2p line, obtained from a fitting procedure, is actually (Table 3) . Therefore, the CS 54 ≈ 0.6 eV, i. e. more than two times lower than the corresponding value for xerogels. This difference may be attributed to the diverse field potential of the surrounding crystal. Moreover, the V 2p 3/2 and V 2p 1/2 line widths for V 2 O 4 powder are significantly higher than for V 2 O 5 reference sample, indicating that the broadening related to the d-band population is taking place [5] . So, it may be concluded that the parameters of V 2p peaks, deduced from the examination of reference samples, can not be directly used as the initial approximation for the peak-fitting procedure to obtain the accurate value of the reduction ratio of vanadium ions in the xerogels. The more important conclusion, which may be derived from the comparison plots ( Fig. 5) , is that the line width of V 2p 3/2 peak for tetra-valent vanadium ions in xerogels is actually the same as for penta-valent ions. It seems that this result contradicts the results obtained from the comparison of the photoelectron spectra of reference oxides V 2 O 5 and V 2 O 4 (Fig. 3) [5] . Nevertheless, this contradiction may be easily explained, taking into account that the FWHM of the V 2p line in vanadium oxides depends on the degree of completion of the narrow d-band [5] . So, in contrast to vanadium tetra-and penta-oxides, with a significantly different concentration of electrons in d-band, it is possible to expect the same additional broadening of V 2p lines of V 5+ and V 4+ species, simultaneously present in xerogels with a common d-band.
For the further quantitative analysis of the various valence vanadium species in the V 2 O 5 -based xerogels, the peak-fitting procedure has been used. To obtain the position, width, and intensity of spectral components for various vanadium and oxygen species, the photoelectron spectra have been fitted in the whole V 2p and O 1s region. According to the previously obtained results, the following initial assumptions about the corresponding peak parameters were done: -FWHM of V 2p 3/2 and V 2p 1/2 peaks is the same for both V 5+ and V 4+ ions;
-the doublet splitting of V 2p line is the same for V 5+ and V 4+ ions;
-the V 2p 1/2 and V 2p 3/2 peak intensity ratio is equal to 0.5 for V 5+ and V 4+ ions.
The fixed value of CS = 1.3 eV and the abovementioned parameters were used as a starting approximation for the fitting procedure. The O 1s peaks corresponding to "oxide", "hydro", and "H 2 O" species position were selected at 530, 532, and 533 eV, respectively. After that, these parameters were unfixed, and the fitting procedure was repeated.
As an example, a typical deconvolution spectra for "as received" sample of (VO)V 12 O 31 ·nH 2 O, exhibiting the main features related to the simultaneous presence of the V 5+ , V 4+ , "oxide", "hydro", and "H 2 O" species is presented in Fig. 6 . The fitting results for all studied samples are listed in Tables 2 and 3 .
It should be noted that for V 5+ and V 4+ ions the V 2p 1/2 and V 2p 3/2 peak intensity ratio for all investigated samples is in the range of 0.50-0.53, i. e. it is in a good agreement with the value of 0.52 from Scofield's calculations [51] . For a further check, the chemical composition (x in the chemical formulae V 2 O x ) of the tested samples was derived:
-from the reduction ratio (RR), assuming that only tetra-and penta-valent vanadium is present in the all tested samples. Then x = 5 − RR; Fig. 6 . Fitted X-ray photoelecton spectrum of V 2p and O 1s region for the "as received" sample of (VO)V12O31·nH2O xerogel. Assignment of the spectral components is discussed in the text. -from the relative intensities of vanadium and oxygen peaks, assuming that the O ox peak corresponds to the basic oxide matrix.
These results are presented in Table 4 .
Conclusions
The BE of V 2p 3/2 line of V 4+ ions in V 2 O 5 -based xerogels is shifted by about 1.3 eV to the lower energy side compared to the basic V 5+ line. The chemical shift for pure V 2 O 5 and V 2 O 4 oxides is about 0.6 eV, i. e. more then two times lower than that obtained for xerogels. This difference may be attributed to the diverse field potential of the surrounding matrix. The peak parameters of the vanadium ions, deduced from the examination of main valence oxides, cannot be directly used for the determination of vanadium valence states in mixed valence compounds.
The V 2p 3/2 line width for tetra-valent vanadium ions in xerogels is the same as for penta-valent ions. It contradicts to the results obtained for the pure V 2 O 5 and V 2 O 4 oxides where the line widths are different. It may be attributed to the different occupation of the d-bands in the mixed valence and stoichiometric vanadium oxides. In contrast to vanadium tetra-and penta-oxides with significantly different concentration of electrons in d-band, it is possible to expect the same additional broadening of V 2p lines of V 5+ and V 4+ species present in xerogels with a common d-band.
The substitution of the hydrogen ions by the vanadyl (VO) groups in the V 2 O 5 -based xerogels leads to the significant increase of the V 4+ ions concentration in these compounds. A similar increase was observed when the samples were annealed in vacuum, where it may be related to the preferential removal of oxygen from the host layers of the vanadium oxide.
